serves to hold the protease domain to the stem region after proteolytic autoactivation. The unpaired cysteine residue in the SEA domain and the unpaired intracellular cysteine residue have the potential to participate in intermolecular bonding. Matriptase-2 lacks group A scavenger receptor domains representative of other members of the hepsin/TMPRSS subfamily and lacks frizzled domains present in the corin subfamily of TTSPs [1] . The differences in protein structure and differences in aa sequence homology between the TMPRSS and matriptase subfamilies suggest that TMPRSS6 is a misnomer and its designation as matriptase-2 is more accurate [1] . For this reason, for the remainder of this review, the protein will be referred to as matriptase-2, but the gene will be referred to as TMPRSS6 .
SEA domains are O -glycosylated and may play a role in binding to other cell surface glycoproteins or substrate proteins. Within the SEA domains of several membrane proteins is a conserved cleavage site, GSVIV (enteropeptidase), GSVIA (matriptase), and GSVVV (mucin) by which proteolytic processing after the glycine residue sheds the protein from the cell surface. Matriptase-2, which has been reported to be shed from the cell surface [4] , contains the motif GSLRV in the homologous region of the SEA domain that might be the putative cleavage site. a Structurally, matriptase-2 contains a short N-terminal cytoplasmic domain, a membrane-spanning region (TM), an SEA domain, 2 CUB domains, three LDLa domains, and a trypsin-like serine protease domain with the highly conserved catalytic triad of histidine (H617), aspartic acid (D668), and serine (S762) residues. Coding region mutations resulting in an aa change that have been identified in IRIDA patients are indicated by arrows [ 17, 20, 30 ] . b Schematic model of matriptase-2 truncation mutants identified in IRIDA patients [17] [18] [19] [20] 30 ] .
CUB domains are found in mostly developmentally regulated proteins. Cubulin, which contains 27 CUB domains, has been shown to bind transferrin, hemoglobin, albumin, intrinsic factor-vitamin B 12 , vitamin-D-binding protein, apolipoprotein A 1 , and high-density lipoprotein, and participates in the processing of many of these proteins [5] . Binding of transferrin and hemoglobin to cubulin has been associated with transport into endosomes and lysosomes [5] . The CUB domain of platelet and endothelial cell surface protein SCUBE1 has been shown to bind BMP2 and plays a role in the secretion of mature BMP2 into the media [6] . The metalloproteinase ADAMTS13 contains two CUB domains, of which naturally occurring disease-associated mutations in the CUB1 domain have been identified. The mutations in the CUB1 domain of ADAMTS13 impaired secretion and stability of the secreted protease [7] . Of the two CUB domains in matriptase-2, the first one is degenerate relative to consensus CUB domains [8] . Nevertheless, it is likely that the CUB domains in matriptase-2 play a role in its own cell surface localization, and in substrate binding and processing. It has not been elucidated whether the CUB domains in matriptase-2 are able to bind transferrin or BMP2, two relevant proteins in iron homeostasis.
LDLa domains are cysteine-rich domains of approximately 40 aa with a conserved D/NXSDE motif of which the aspartic acid and glutamic acid residues are involved in calcium binding. LDLa domains have been found in a variety of functionally unrelated proteins and apparently play a role in the binding, internalization, and processing of proteins [9] [10] [11] . To date, matriptase-2 has not been shown to participate in the internalization of macromolecules, including substrates or substrate cleavage products, or mediate the processing of substrates within endocytic compartments, observed with some LDL receptor family members. Furthermore, it has not been determined if internalization or binding to matriptase-2 induces a signaling event.
Matriptase-2 Substrates
Autoactivation of matriptase-2 is predicted to occur by cleaving a conserved RIVGG motif located in the activation domain [8] . Matriptase-2 has been shown to cleave fibronectin, type 1 collagen, fibrinogen, pro-urokinase plasminogen activator, and artificial substrates with the peptide recognition sequence QAR and QGR [8] ( table 1 ) . Studies comparing substrate specificities of matriptase-2 to matriptase-1, hepsin and DESC1 demonstrated that matriptase-2 was the most promiscuous of the four proteases [12] . Matriptase-2 mediated efficient cleavage of artificial peptides corresponding to cleavage sites located in the proteins filaggrin, CUB-domain-containing protein 1 (CDCP1; also called transmembrane and associated with src kinases, Trask), and ␣ E ␤ 7 integrin [12] ( table 1 ). Using internally quenched fluorescent peptides as substrates, matriptase-2 demonstrated a preference for arginines in the P1 position and a basic aa in the P4 position. Matriptase-2 accommodates glycine, serine, alanine, isoleucine, or arginine in the P1 position ( table 1 ) .
Hemojuvelin was the first biologically relevant exogenous substrate for matriptase-2 to be identified [4] ( table 1 ). Coexpression of matriptase-2 with hemojuvelin resulted in the generation of several 25-to 30-kDa fragments and the reduction of all soluble hemojuvelin cleavage products at high concentrations of matriptase-2. Examination of the hemojuvelin sequence reveals the presence of a furin cleavage motif RNRR f G that closely resembles the matriptase cleavage motif for filaggrin (RKR f R f GSRG). Nevertheless, the hemojuvelin R335Q mutant that alters the furin cleavage motif of hemojuvelin to RNRQG is cleaved in the same manner as wild-type hemojuvelin [4] . Although it is conceivable that matriptase-2 cleaves between arginine and glutamine of the R335Q mutant hemojuvelin (RNR f Q) since the artificial peptide BocQNR-Amc is cleaved efficiently, the presence of a negatively charged aa (glutamic acid) at P4 and the glutamine at P1 argue against this hypothesis [12] . Fur- thermore, the cleavage products of hemojuvelin mediated by matriptase-2 appear to differ from cleavage products of hemojuvelin mediated by furin [13] . Proteomic studies need to be performed to identify the sites of cleavage of hemojuvelin to determine if matriptase-2-mediated cleavage products are identical to previously described 'shed' hemojuvelin [14] .
Matriptase-2 and Iron Homeostasis
The importance of matriptase-2 in iron homeostasis was first demonstrated by Du et al. [15] in mutant mask mice (MGI:3776631), generated by N-ethyl-N-nitrosourea mutagenesis [16] . Mask mice named for their truncal alopecia exhibited microcytic anemia, low plasma iron levels, low spleen iron stores, and high levels of Hamp1 expression, inappropriate in the context of iron deficiency anemia [16] . The high expression of Hamp1 mRNA, encoding the 25-aa iron-regulatory peptide hepcidin, accounted for the reduced intestinal iron absorption observed in these mice [16] . Mask mice do not lower Hamp1 mRNA levels in response to an iron-deficient diet as do C57 control mice [16] . Surprisingly, mask mice also do not increase Hamp1 mRNA levels in response to a highiron diet presumably because the higher than normal Hamp1 mRNA levels reflect that mice are already 'seeing' an apparently high iron state [31] . Nevertheless, high dietary or parenteral iron levels are able to correct the low hemoglobin levels, alopecia, and female infertility in Tmprss6 mask mutant and null mice [16, 32] . Although Hamp1 mRNA expression is unresponsive to iron in mask mice, Hamp1 mRNA expression is responsive to stimulation by BMP2, BMP4, and BMP9, and to IL-6 ( fig. 2 ) .
Overexpression of wild-type or mutant ( mask or the S762A) matriptase-2 in HepG2 cells demonstrated that wild-type but not mutant matriptase-2 repressed Hamp1 reporter expression induced by BMP2, BMP9, IL-6, and hemojuvelin [16] . Thus, the in vitro data and the mask mouse phenotype supported that matriptase-2 was a potent inhibitor of Hamp1 mRNA expression.
Overexpression of mutant ( mask or R774C) matriptase-2 in zebrafish resulted in defective hemoglobin production suggesting a dominant negative effect over endogenous wild-type matriptase-2 [4] . Overexpression of wild-type matriptase-2 in zebrafish did not affect hemoglobin production, but it is not known whether the fish exhibited decreased Hamp1 mRNA levels, increased ferroportin levels, and an iron overload phenotype compared to control fish [4] .
The discovery of severe iron deficiency anemia in mask mice led to the identification of mutations in TMPRSS6 in human patients with iron-refractory iron deficiency anemia (IRIDA) [17] [18] [19] [20] 30 ] . In both mice and humans, the iron deficiency associated with mutations in TMPRSS6 showed a recessive mode of transmission. Since the Tmprss6-/-mice (Tmprss6 tm1Otin , MGI:3809291) exhibited the identical iron deficiency phenotype, it is unlikely that mutations in TMPRSS6 are associated with a gain-in-function phenotype. Tmprss6-/-mice exhibited reduced ferroportin immunostaining and iron accumulation in intestinal enterocytes consistent with a phenotype expected by overexpression of hepcidin [32] .
The identification of hemojuvelin as a key substrate for matriptase-2 provided an explanation for the iron deficiency anemia associated with mutations in the gene for matriptase-2 (TMPRSS6) [4] . Cell surface hemojuvelin is correlated with hepcidin expression in hepatocytes [21] . Hemojuvelin is a coreceptor for some BMPs, in particular BMP6, and participates in the activation of the SMAD1/ SMAD4 pathway to upregulate transcription of the hepcidin gene (HAMP) [22, 23, 33] . Deficiency in hemojuvelin, associated with juvenile hemochromatosis in humans, results in abnormally low expression of hepcidin leading to severe iron overload [24] . In matriptase-2 deficiency, hemojuvelin expression is presumably elevated leading to increased hepcidin expression, yet this remains to be demonstrated in vivo. Nevertheless, if this is the case, it is important to note that matriptase-2-deficient mice are not hyperresponsive to stimulation by BMP2, BMP4, or BMP9 ( fig. 2 ) .
Immunoprecipitation studies demonstrated physical association of matriptase-2 with hemojuvelin [4] . Binding to hemojuvelin occurred independently of the protease domain since the mask mutant matriptase-2 was also able to bind hemojuvelin. Coexpression of wild-type matriptase-2 and hemojuvelin in Hep3B or HeLa cells demonstrated cleavage of hemojuvelin. Matriptase-2 lacking or defective in the protease domain was unable to cleave hemojuvelin. Membrane-associated matriptase-2 does not cleave soluble hemojuvelin, and soluble matriptase does not cleave membrane-associated hemojuvelin. The data suggest that coexpression of matriptase-2 and membrane-associated hemojuvelin is required for cleavage [4] .
In an effort to determine the phenotype of mice lacking both functional matriptase-2 and hemojuvelin, a double-mutant mouse strain Hfe2 tm1Nca/tm1Nca ;Tmprss6 Msk/Msk was generated [31] . Mice lacking both matriptase-2 and hemojuvelin exhibited high plasma iron, high transferrin saturation, and normal hemoglobin and mean corpuscular volume, high liver iron content, and low Hamp1 mRNA levels, similar to hemojuvelin null mice. These data demonstrated that in the absence of both the positive and negative stimuli of hemojuvelin and matriptase-2, respectively, Hamp1 expression was constitutively off. Furthermore, Hamp1 mRNA expression in mice lacking both matriptase-2 and hemojuvelin was responsive to BMP2, BMP4, and BMP9, and the inflammatory cytokine IL-6, but was not responsive to high dietary iron. Therefore, mice lacking both matriptase-2 and hemojuvelin, being highly similar to hemojuvelin null mice, support the model that hemojuvelin is a substrate for matriptase-2. If matriptase-2 were acting on a substrate downstream of hemojuvelin, an iron-deficient or normal phenotype rather than an iron overload phenotype would have resulted.
Mutations and Polymorphisms in Matriptase-2
Mutations in matriptase-2 have provided insight into the mechanism of action of matriptase-2. Mutations associated with severe iron deficiency in mice or human patients predominately affect the proteolytic activity of matriptase-2 ( fig. 1 ). Severe mutations in the protease domain of matriptase-2 causing premature termination and leading to an iron deficiency phenotype include the splice site mutation in mask mice (ivs14-2 A ] G; C566fs) which deletes the entire protease domain, an R599X point mutation identified in zorro mice (Bruce Beutler, Tmprss6 m2Btlr , MGI:3812005) [25] and in an IRIDA patient [18] , the W783X point mutation in masquerade mice (Bruce Beutler, Tmprss6 m3Btlr , MGI:3829007) [26] , two deletion/insertion mutations A605fs, K636fs, and a splice site mutation (ivs16+1 G ] C; G713fs) identified in IRIDA patients [17] . In addition, the point mutation identified in an IRI-DA patient R774C located in the protease domain likely disrupts accurate C32/C36 or C35/C37 disulfide bonding within the protease domain [17] . Furthermore, the protease dead mutation, S762A in matriptase-2, has been shown in vitro to be ineffective in repressing Hamp1 reporter expression [16] .
Point mutations D521N and E522K located in the conserved D/NXSDE motif in the LDLa2 domain of matriptase-2 have been associated with IRIDA in patients and affect residues predicted to bind Ca 2+ [17, 20] . In vitro, the D521N and E522K mutants show reduced cell surface localization, increased Golgi retention, impaired autoactivation of matriptase-2, impaired cleavage of hemojuvelin, and impaired ability to repress Hamp1 reporter expression but are able to bind hemojuvelin [20] .
Matriptase-2 containing the point mutation G442R located in the second CUB domain demonstrated impaired autoactivation, was still able to bind but demonstrated reduced cleavage of coexpressed hemojuvelin, and exhibited reduced ability to repress HAMP reporter expression [20] .
The mutants L166fs and S288fs result in severe truncation of the ectodomain and if they localize to the cell surface, they are likely to be severely impaired in their ability to bind hemojuvelin. These mutations identified in homozygous IRIDA patients suggest that loss of proteolytic cleavage of hemojuvelin rather than increased stabilization or retention of hemojuvelin on the cell surface by mutant matriptase-2 is sufficient to cause the IRIDA phenotype. Furthermore, these data demonstrate that homozygous loss of the bulk of the ectodomain does not induce an intracellular signal leading to repression of hepcidin expression, as previously proposed [16] .
Thus most, if not all of the disease-associated mutations in TMPRSS6 , result in the loss of proteolytic activity by loss of the protease domain or reduction in autoactivation, or in a reduction in cell surface localization.
The identification of severe mutations in matriptase-2 associated with IRIDA raised the question as to whether mild mutations or polymorphisms might contribute to iron deficiency anemia in patients lacking predisposing factors. Examination of the TMPRSS6 gene revealed that the gene was highly polymorphic, particularly in noncoding regions. Coding region polymorphisms occurring in the general population ( table 2 ) did not appear to correlate with iron deficiency anemia of no known etiology, although the allele frequencies of rare polymorphisms located in highly conserved regions of the protein were too low to establish statistical significance [30] . Nevertheless, in one family study, the presence of an uncommon R446W polymorphism in trans with a severe TMPRSS6 mutation appeared to be associated with ironresponsive iron deficiency anemia. Functional studies need to be performed to determine if these rare polymorphisms in matriptase-2 exhibit impaired hemojuvelin degradation and impaired suppression of Hamp1 expression.
Hemojuvelin Shedding
How does liver-specific matriptase-2 fit into the earlier reports of soluble hemojuvelin in cell culture supernatants, serum, and plasma [21] ? Previously, the release of hemojuvelin into cell culture media was shown to be suppressed by transferrin-bound iron or ferric ammonium citrate [21] . Soluble hemojuvelin is biologically active as a competitive inhibitor that can antagonize the binding of BMPs to the BMP receptor [21] . Is the cleavage of hemojuvelin by matriptase-2 sensitive to iron? Are the products of hemojuvelin by matriptase-2 cleavage able to antagonize BMP binding? When HeLa cells are cotransfected with matriptase-2 and hemojuvelin, multiple cleavage products of hemojuvelin and loss of soluble hemojuvelin are observed [4] , suggesting that the function of matriptase-2 is to degrade hemojuvelin rather than to produce an antagonist, but this remains to be examined in greater experimental detail. Coding region polymorphisms identified in the NCBI SNP database, or by screening (*) of subjects with or without iron deficiency anemia of unknown etiology [30] . ND = Not determined.
Kuninger et al. [27] , Zhang et al. [28] , and Lin et al. [21] demonstrated independently that hemojuvelin is shed from muscle cells (C2C12), transfected liver (HepG2 and Hep3B), and kidney cells (HEK293), strongly suggesting that there are matriptase-2-dependent and -independent pathways for shedding hemojuvelin since matriptase-2 is almost exclusively expressed in the liver. Kuninger et al. [27] demonstrated that cell surface biotin-labeled hemojuvelin could be shed from the cell surface. The shed hemojuvelin was primarily of the form uncleaved at the 172Asp-173Pro bond. Lin et al. [14] demonstrated that hemojuvelin released from transfected HEK293 cells was cleaved by a furin-like proprotein convertase at the furin site and included both 172Asp-173Pro-cleaved and uncleaved forms of hemojuvelin. In the presence of inhibitors of furin-like proteases, hemojuvelin was shed from the cell surface by an alternative pathway, possibly by the action of phopholipase A, cleaving the glycosylphosphatidylinositol anchor and releasing the entire hemojuvelin ectodomain [14] .
Silvestri et al. [13] demonstrated that mutants of hemojuvelin that were retained in the endoplasmic reticulum still released soluble hemojuvelin despite reduced cell surface localization, suggesting that soluble hemojuvelin was secreted from the endoplasmic reticulum rather than shed from the cell surface. Furthermore, they also provided evidence that cleavage of hemojuvelin was mediated by the protease furin which was transcriptionally regulated by iron and hypoxia. Cotransfection of HeLa and HepG2 cells with furin and hemojuvelin did not appear to show the same cleavage products as cotransfection with matriptase-2 and hemojuvelin [13] .
Zhang et al. [28] indicated that hemojuvelin shedding is regulated by neogenin. Coexpression of hemojuvelin with neogenin in HepG2 cells increased hemojuvelin shedding. Likewise, knockdown of endogenous neogenin in C2C12 cells transfected with hemojuvelin suppressed hemojuvelin shedding. Coexpression of hemojuvelin with neogenin in HEK293 cells was associated with increased iron loading [29] .
The data seem to indicate that there are several pathways by which hemojuvelin can be released from cells, more than one of which may be sensitive to iron regulation. If this is the case, they clearly are not redundant since they do not compensate for the loss of matriptase-2 in humans and mice. Matriptase-2-independent shedding of hemojuvelin does not result in a major change in cell surface levels of hemojuvelin [13, 28] and appears to function to generate a soluble antagonist that can act in an autocrine or paracrine fashion depending on the tissue source, be it hepatocytes or muscles. In contrast, matriptase-2-dependent cleavage results in a major loss of hemojuvelin from the hepatocyte cell surface [4] , and its function appears to be removal of the positive effect cellassociated hemojuvelin has on hepcidin expression. Removal of cell-associated hemojuvelin has a dominant phenotype over the antagonistic function of soluble hemojuvelin.
Transcriptional Regulation of Matriptase-2
The transcriptional regulation of matriptase-2 might provide insight into mediators of matriptase-2 expression that indirectly effect iron homeostasis. Comparison of the genomic organization and nucleotide sequences of exons 1, 5 -untranslated regions and proximal promoter regions of the human and murine TMPRSS6 genes demonstrated that these regions are not conserved between species ( fig. 3 ) . Examination of the predicted transcription factor binding sites by Genomatix MatInspector (http://www.genomatix.com) identified a krueppel-like C2H2 zinc finger factor hypermethylated in cancer (HIC1) motif, a peroxisome proliferator-activated receptor (PPAR_RXR) motif, a nuclear receptor subfamily 2 factor (COUP) motif, a pancreas transcription factor 1, a heterotrimeric transcription factor (PTFI) motif, and an NKX homeodomain factor (NKXH) motif in common between human and murine proximal promoters, but currently there is no known biological relevance for any of these transcription factors in the regulation of matriptase-2 expression ( fig. 3 ) .
Since hepcidin expression is repressed by hypoxia and anemia, it raises the question whether matriptase-2 plays a role in this repression. Studies need to be performed to examine if transcriptional and posttranscriptional regulation of matriptase-2 by hypoxia or iron deficiency might contribute indirectly to the repression of hepcidin.
Summary and Future Perspectives
The current working model for the role of matriptase-2 in iron homeostasis has membrane-anchored matriptase-2 as an active protease acting as the central modulator of hemojuvelin cell surface expression ( fig. 4 a) . Cleavage of hemojuvelin results in loss from the hepatocyte cell surface and the loss of hemojuvelin to act as a coreceptor for BMPs. Nevertheless, BMPs can still upregulate hepci-din expression directly through the BMP receptors in the absence of hemojuvelin. Likewise, inflammatory cytokines such as IL-6 are able to upregulate hepcidin expression in the absence of hemojuvelin. It remains to be determined if matriptase-2-mediated cleavage products of hemojuvelin are able to act as a soluble antagonist for the binding of BMPs to the cognate receptor in the same manner as soluble hemojuvelin [21] . The matriptase-2 mask mutant lacking the protease domain is able to localize to the cell surface and can bind hemojuvelin. Uncleaved hemojuvelin is stable and retained on the cell surface where it is perpetually available to promote BMPmediated activation of hepcidin expression. The presence of the matriptase-2 mask mutant does not interfere with IL-6-mediated upregulation of hepcidin expression ( fig. 4 b) .
There are so many questions left to answer, many of which were raised throughout the manuscript. Is matriptase-2 activity regulated by iron? What roles do TfR2, HFE, and neogenin play, if any, to relay the iron status to matriptase-2? If matriptase-2 is not regulated by iron then what is it regulated by -hypoxia? Are there multiple b Fig. 3 . Analysis of the human and murine TMPRSS6 genes. a Alignment of the genomic organization of the human and murine TMPRSS6 genes. b Genomatix MatInspector predicted transcription factor motifs common in the proximal promoter regions of the human and murine TMPRSS6 genes. The genomic organization at the 5 ends of the human and murine genes is not conserved. There is little to no sequence homology between the human and murine promoter and 5 -untranslated regions. Non-coding genomic coordinates are used (numbering from the ATG). ) mutant lacking the protease domain is able to localize to the cell surface and can bind hemojuvelin. Uncleaved hemojuvelin is stable and retained on the cell surface where it is perpetually available to promote BMPmediated activation of hepcidin expression. The presence of the matriptase-2 mask mutant does not interfere with IL-6-mediated upregulation of hepcidin expression.
